Retinal pigment epithelium (RPE) is a major component of the eye. This highly specialized cell type facilitates maintenance of the visual system. Because RPE loss induces an irreversible visual impairment, RPE generation techniques have recently been investigated as a potential therapeutic approach to RPE degeneration. The microRNA-based technique is a new strategy for producing RPE cells from adult stem cell sources. Previously, we identified that antisense microRNA-410 (anti-miR-410) induces RPE differentiation from amniotic epithelial stem cells. In this study, we investigated RPE differentiation from umbilical cord blood-derived mesenchymal stem cells (UCB-MSCs) via anti-miR-410 treatment. We identified miR-410 as a RPE-relevant microRNA in UCB-MSCs from among 21 putative human RPE-depleted microRNAs. Inhibition of miR-410 induces overexpression of immature and mature RPE-specific factors, including MITF, LRAT, RPE65, Bestrophin, and EMMPRIN. The RPE-induced cells were able to phagocytize microbeads. Results of our microRNA-based strategy demonstrated proof-of-principle for RPE differentiation in UCB-MSCs by using anti-miR-410 treatment without the use of additional factors or exogenous transduction.
Introduction
Defects in various neural retina subtypes result in eye disorders and loss of vision in many cases [17] . In terms of retinal degeneration, age-related macular degeneration (AMD) is a common cause in industrialized countries, and the advanced form of AMD can be divided into neovascular and non-neovascular atrophic types [16, 17] . In atrophic AMD, a gradual degeneration of retinal pigment epithelium (RPE) results in visual impairment. Cone-rod dystrophy is a type of retinal degeneration disease that causes a depletion of the outer nuclear layer, which consists of cone and rod photoreceptor cells. In addition to RPE cells, both types of photoreceptors are involved in visual signal transduction, as confirmed by their response to light. However, once photoreceptor or RPE cells are lost, these cell types are unable to regenerate themselves. Commonly used therapeutic applications for retinal degeneration retard the progression of degeneration by preventing neovascularization or through laser coagulation. However, as degenerated photoreceptor and RPE cells are unable to regenerate, the use of cell replacement therapy for vision restoration has recently been under investigation.
Many studies of RPE generation are based on embryonic stem (ES) or induced pluripotent stem (iPS) cells. It has even been suggested that pluripotent stem cells can spontaneously differentiate into RPE cells, with RPE cells spontaneously differentiating from ES or iPS cells in humans [1] . Moreover, it was recently reported that ES or iPS cells can differentiate into RPE-like cells following treatment with RPE development- relevant proteins [2, 14, 20] . A relatively low yield of human RPE cells has been improved through the use of WNT and Nodal antagonists [13] ; indeed, WNT signaling pathways are reported to antagonistically influence neural development [6, 8, 11] . Furthermore, recent publications have demonstrated that nicotinamide and Activin A can enhance the RPE differentiation efficiency of human ES cells to achieve RPE differentiation within 4 weeks or in long-term cell culture [9, 10] . Those RPE cells survived in a host eye and rescued retinal function after subretinal transplantation in a rat model of retinal degeneration. However, a clinical study using pluripotent stem cell-derived RPE cells suggested a severe risk to patients, such as teratoma formation of the remaining undifferentiated ES cells in the host after transplantation [22] . In studies to improve the safety of cell replacement therapy, such as sorting of undifferentiated cells by using SOX1 or SSEA-5 and long-term culturing for differentiation [21, 22] , somatic stem cells have emerged as a useful source for clinical use.
Our previous study showed that miR-410 inhibition could induce RPE differentiation from human amniotic epithelial stem cells (AESCs) [5] . In addition, we showed that miR-410 is expressed at a relatively high level in human AESCs and that the inhibition of miR-410 induces mature RPE-specific factors. These cells were altered in morphology to form a cobblestone-like shape and they exhibited phagocytosis as is shown by ARPE-19 cells, a human RPE cell line that shows structural and functional RPE characteristics [7] . We further showed that miR-410 is predicted to directly target two RPE development-specific genes, RPE65 and OTX2. Our previous results indicated that a miRNA-based strategy can induce RPE differentiation from AESCs via treatment with a miR-410 inhibitor but without the use of additional factors and exogenous overexpression. Those results support a new hypothesis that microRNA inhibition might facilitate induction of RPE differentiation from other human somatic stem cells such as UCB-MSCs.
In this study, we suggest a new miR-based strategy to differentiate UCB-MSCs into functional RPE-like cells. We show that miR-410 is enriched in UCB-MSCs and that treatment with a miR-410 inhibitor can induce RPE differentiation by derepressing RPE65 and OTX2. Moreover, UCB-MSC-derived RPE-like cells were able to phagocytize, indicating their functionality as RPE cells. Our results show that miR-410 can serve as a useful tool to direct RPE differentiation from somatic stem cells by regulating multiple key genes that, as targets of miR, are suppressed.
Materials and Methods

Cell culture and RPE differentiation
Human UCB-MSCs and ARPE-19 cells were cultured as previously described [5, 15, 18] . For RPE differentiation of human UCB-MSCs and AESCs, cells were cultured on culture dishes with the cell culture medium described above. After reaching 80% confluency, 100 ng/mL Activin A (R&D Systems, USA) and 10 mM nicotinamide (Sigma-Aldrich, USA) were supplemented to the cell culture medium. The medium was changed every 3 days for 9 weeks. For RPE differentiation by miRNAs, cells were transfected with microRNA or microRNA inhibitor as previously described [5] . Anti-miR microRNA inhibitor (AM11119; Ambion, USA) was designed to target has-miR-410-3p. For miR-induced RPE-like cells, human UCB-MSCs were transfected with anti-miR-410 four times (on days 0, 3, 10, and 17).
MicroRNA microarray
Total RNA was extracted from whole cell lysates and a human microRNA microarray (G4851a; Agilent Technologies, USA) procedure was performed. For data normalization and further analyses, GeneSpring GX software (ver. 11.5.1; Agilent Technologies) was used.
MicroRNA prediction
Using online microRNA target prediction programs, the predicted targets of hsa-miR-410-3p (5′-AAUAUAACACAG AUGGCCUGU-3′) were analyzed. To predict targets of microRNAs, we performed microRNA target prediction by using three different programs: TargetScan, miRanda, and DIANA. We specifically examined RPE development-relevant genes [12] : RPE-specific transcription factors (PAX6, MITF, OTX2), pigment synthesis-specific gene (TYRP1), membraneassociated proteins (BEST1, ZO-1, PEDF), visual cycle-specific genes (RPE65, LRAT, CRALBP), and phagocytosis-specific genes (MERTK, GULP1, LAMP2, VDP).
Real-time RT-PCR
Total RNA was extracted from whole cell lysates. For quantitative analysis, gene expressions in each sample were normalized to the RPL13A gene and the relative expression level calculated by using the 2 −ΔΔCt method. All of the primers used are shown in Supplementary Table 1 .
Western blot analysis and immunocytochemistry
For Western blot analysis, the antibodies used were: goat anti-mouse Alexa fluor 488 (Invitrogen, USA), GAPDH (Chemicon, USA), EMMPRIN (Abcam, UK) and Bestrophin (Millipore, USA). For counterstaining, nuclei were stained as blue with DAPI (Santa Cruz Biotechnology, USA).
Phagocytosis assay
After inducing RPE differentiation by using the microRNA transfections described above, cells were incubated with FluoSpheres carboxylate-modified microspheres (Invitrogen) as previously described [5] . For counterstaining, nuclei were stained as blue with DAPI (Sigma-Aldrich). For quantification, the number of bead-phagocytizing cells were counted.
Results
Identification of RPE induction microRNAs in UCB-MSCs
Our previous study showed that miR-410 inhibition could induce RPE differentiation from AESCs [5] . We then hypothesized that microRNA inhibitions might facilitate an induction of RPE from UCB-MSCs. After completion of two microRNA microarrays with UCB-MSCs, human retina tissue and ARPE-19 cells, we identified the candidate microRNAs, which are enriched in UCB-MSCs and related to RPE-specific genes. The former microarray of UCB-MSCs versus human retina tissue revealed 51 microRNAs that had higher expression levels in UCB-MSCs than in retina (panel A in Fig. 1 ). In the same manner, we identified 28 microRNAs in the latter microarray analysis of UCB-MSCs versus ARPE-19 cells. Based on the results of these two microarray analyses, we selected 21 candidate microRNAs that were enriched in UCB-MSCs but were not enriched in either retina or ARPE-19 cells (panel B in Fig. 1) .
To identify the most relevant microRNA, we performed further selections within the 21 candidate microRNAs by using three different microRNA target prediction programs in order to identify microRNAs that target more than five genes in the RPE development process and that are predicted to target two known RPE-specific factors, RPE65 and OTX2 (Table 1) . Interestingly, as in our AESC study [5] , miR-410 was the strongest candidate in UCB-MSCs and, thus, was chosen for further study. To confirm the microarray results, we compared expression levels of miR-410 among UCB-MSCs, anti-miR-410-treated UCBMSCs, and ARPE-19 cells (panel C in Fig. 1 ). The expression level of miR-410 in the anti-miR-410-treated UCB-MSCs was significantly reduced from the level in the control microRNAtreated UCB-MSCs. Thus, we used anti-miR-410 to derepress RPE-specific genes in terms of induction of a direct differentiation of UCB-MSCs into RPE-like cells.
Induction of RPE differentiation in UCB-MSCs through two-factor treatment or miR-410 inhibition
To induce RPE differentiation in UCB-MSCs, we cultured cells with anti-miR-410 for 3 weeks or in RPE differentiation medium including 100 ng/mL Activin A and 10 mM nicotinamide for 9 weeks (panel A in Fig. 2) . To characterize the RPE-induced cells, conventional and quantitative gene expression analyses were performed by using total RNA from the two-factor (2F)-induced UCB-MSCs after 9 weeks and from the antimiR-410-treated UCB-MSCs after 2 and 21 days. Transcripts of the RPE progenitor factor MITF and four mature RPE-relevant factors RPE65, LRAT, Bestrophin, and EMMPRIN were increased in 2F-induced RPE-like cells (panel B in Fig. 2) . After RPE differentiation with anti-miR-410 transfections, the levels of all transcripts were significantly increased over that of the controls. The anti-miR-410-treated UCB-MSCs after the first transfection showed increased MITF, Bestrophin, and EMMPRIN gene expression levels. These results indicate that consecutive treatments of anti-miR-410 can induce direct RPE differentiation from UCB-MSCs.
Characterization of human UCB-MSC-derived RPE-like cells
We then analyzed protein expressions in the RPE-like cells treatments in UCB-MSCs (panels A-C in Fig. 3 ). To determine the functional ability of the RPE-like cells from UCB-MSCs, a phagocytosis assay was performed after anti-miR-410 treatment (panel A in Fig. 4 ). As previously demonstrated [7] , ARPE-19 cells showed a high level of phagocytosis, which was indicated by the internalizing of most of the beads (panel B in Fig. 4) . In this analysis of phagocytic ability, the number of bead-internalizing cells among the UCB-MSCs was significantly increased upon anti-miR-410 treatment than in those without treatment. These results demonstrate that miR-induced RPE-like cells from UCB-MSCs exhibit similar levels of gene expressions and phagocytosis to those of ARPE-19 cells.
Discussion
In this study, we investigated a technique to induce RPE differentiation of UCB-MSCs by using miR-410 inhibition. Expression of miR-410 is relatively high in UCB-MSCs and is higher than that in retina tissue or RPE; moreover, miR-410 targets multiple RPE-specific genes. The miR-410 inhibition was able to increase the gene and protein expressions of RPE-specific factors and to induce phagocytic capabilities in UCB-MSCs. Consequently, miR-410 inhibition seems to be able to induce RPE differentiation. Our results indicate the potential for direct differentiation of UCB-MSCs into RPE-like cells by using miR-410 inhibition.
As reported in our previous study, miR-410 can directly target two RPE development-relevant factors: RPE65 and OTX2 [5] .
In that study, we demonstrated that anti-miR-410 significantly reduced the endogenous level of miR-410 in AESCs and that it can decrease both gene and protein expression levels of OTX2 and RPE65 by binding to complementary sites in the 3′UTR. Moreover, the decreased expression of genes could be derepressed by the microRNA-mediated inhibition, anti-miR-410.
Apart from the RPE differentiation, other roles of miR-410 have been described in several recent studies. Two studies demonstrated that miR-410 in tumor cells has a tumor-suppressive role by targeting MET or CDK1 [3, 4] . Chien et al. reported that the expression level of CDK1 is regulated upon overexpression or inhibition of miR-410/-650 and that the expression of both miRNAs can be induced by p16
INK4a overexpression. Those authors concluded that tumor suppressor p16
INK4a inhibits the expression of CDK1 through miR-410/-650 in the MCF7 carcinoma and U87 glioma cell lines. Chen et al. [3] reported that miR-410 directly targets MET, a hepatocyte growth factor receptor, and subsequently regulates the proliferation and invasion of human glioma. In another cell type, miR-410 was found to have a role as a regulator of tissue regeneration. Snyder et al. [19] demonstrated that overexpressions of miR-410 and miR-433 induce myogenic differentiation in Mef2a-deficient myoblasts, with the expression level of secreted frizzled-related proteins (sFRPs) being increased, whereas WNT activity is decreased. These two miRNAs directly target and simultaneously repress sFRP2, a WNT signaling inhibitor. The authors commented that miR-mediated regulation of WNT signaling could have potential use in muscle regeneration.
Together with our previous study of RPE differentiation from AESCs, the present proof-of-principle experiment is the first demonstration of RPE direct differentiation in somatic stem cells through the effects of a single microRNA. Our results indicate that miR-410 inhibition directly regulates two RPE-specific factors, OTX2 and RPE65, and induces RPE-specific gene and protein expressions in somatic stem cells. The results of this study suggest that miR-410 inhibition can regulate multiple RPE-relevant genes and have a useful role in direct RPE differentiation from human UCB-MSCs. In the near future, this microRNA-based technique may serve as an attractive strategy for curing human retinal degenerative diseases.
